To quantitatively understand how the carotid sinus baroreceptor reflex modifies the Starling curve (i.e., the aortic flow (AF)-mean right atrial pressure (MRAP) relationship), experiments were performed in closed-chest, naturally breathing, and anesthetized dogs before and after vagotomy. Mean aortic pressure (MAP) was fixed at approximately 100 mm Hg and the pressure in the isolated carotid sinus (ISP) was varied from 75 to 150 mm Hg in steps of 25 mm Hg. At each ISP, MRAP was slowly increased and decreased while measuring AF by a previously implanted electromagnetic flow probe. A family of AF-MRAP relation curves specified at the different ISP's were thus obtained. Third-order polynomials in MRAP and ISP adequately fit these curves. Whether the vagi were intact or cut, there was no significant difference between the AF-MRAP relation curves obtained at an ISP of 75 or 100 mm Hg. However, decreasing ISP from 125 to 100 mm Hg caused a 24% increase in AF, and increasing ISP to 150 mm Hg caused a 15% decrease in AF in the dogs with intact vagus nerves. For the vagotomized dogs, the same decrease or increase in ISP caused a 17% increase or a 21% decrease in AF, respectively. When MAP was allowed to change by the reflex, only insignificant changes in AF occurred. We conclude that the carotid sinus reflex significantly alters the flow-generating ability of the heart-lung compartment by as much as 40% but this becomes clearly observable only if the reflex change in aortic pressure is prevented.
CARDIAC OUTPUT, central arterial pressure, and central venous pressure are the lumped variables that couple the two major subsections of the circulatory system, i.e., the heartlung and systemic vascular compartment. Therefore, a simplified systems analysis of reflex control of the circulation can be achieved by describing reflex control on each of the two compartments in terms of these pressure and flow variables. In our previous reports,'-2 we described carotid sinus reflex controls of the resistive and capacitive properties of the systemic vascular bed in terms of systemic arterial and venous pressures and systemic flow. What is needed then is a quantitative description of carotid sinus reflex control of the heart-lung compartment, again in terms of the three variables appropriately controlled and measured.
The literature on the arterial baroreceptor reflex control of cardiac function spans many decades and investigators used several different preparations. The emphasis of most of these studies was placed on establishing whether or not the reflex alters cardiac contractility. The quantitative aspects of the conclusions were often in conflict; some investigators 3 " presented evidence that the reflex modified the contractility of the ventricle or heart muscle, whereas others 18 " 28 found insignificant effects on cardiac output or other indices of contractility. There are reasons for these differences. Many of these investigators used carotid arterial occlusions. 9 -10 -"• 18 -20 " 28 This, unfortunately, is not a quantitatively exact method to stimulate the receptors. Among those who used isolated carotid sinus preparations 2 ' 8 -"• 12 -I*, is. IT. 19 o n l y se veral s -6 -14 -IS -" controlled the arterial pressure or afterload. Even fewer investigators 5 -1517 controlled the preload simultaneously. The studied indices of contractility include (1) peak systolic pressure in an isovolumically contracting ventricle, 8 -12 (2) peak systolic force measured by an isometric strain gauge sutured on the ventricle wall, 8 and (3) the maximum rate of development of ventricular pressure [(dP/dt) ma J. 14 -1S - 17 Although most of the studies with these indices have demonstrated reflex changes in contractility one cannot use the reported changes in the index values to predict reflex changes in cardiac output under a given set of conditions of preload and afterload. Also, most studies analyzed either the left or right ventricle, rather than the heart-lung compartment as a whole.
For the reason stated in the first paragraph, the purpose of the present study is not to reestablish reflex change in ventricular or myocardial contractility. Instead, we are presenting a quantitative description of the extent to which the carotid sinus reflex alters the flow-generating ability of the heart-lung compartment under a variety of values of well controlled systemic arterial and venous pressures in closedchest dogs.
Methods

SURGICAL PREPARATION
Nineteen mongrel dogs weighing 20-30 kg were anesthetized with Na pentobarbital (25 mg/kg, iv). Both carotid sinus regions were isolated and the intrasinus pressure (ISP) was servo-controlled during experimental runs. At all times, the sinuses were filled with the dog's arterial blood. An electromagnetic flow transducer (Statham Q or Narco K. series) had been implanted around the ascending aorta 10-20 days before the experiment. Experiments were not conducted until the diastolic portion of the aortic flow (AF) signal became free of noise and there was no detectable change in its absolute level over a period of at least 10 minutes.
To control arterial and right atrial pressure, a blood reservoir (discussed in the next section) was connected between a pair of short, large bore catheters in the femoral arteries and another pair of large bore catheters in the femoral veins. The dogs was heparinized (500 lU/kg, iv). Mean aortic pressure (MAP) was measured through the left common carotid artery while mean right atrial pressure (MRAP) was measured through a small catheter placed in the right atrium via the right external jugular vein. A balloon catheter placed in the esophagus at the level of the aortic arch measured changes in esophageal pressure (ESP). ISP and MAP were measured with Statham P23Ac pressure transducers while the right atrial and esophageal pressures were measured with Statham P23Bb transducers. The zero reference for all pressures was obtained by the method of Guyton and Greganti. 29 For the ESP, the actual zero was obtained when the chest was opened at the end of experiments. All the phasic and mean signals of pressure and flow were continuously recorded by a pen recorder (Brush, model 480).
The dog's rectal temperature was maintained between 36.5°C and 38.5°C. Arterial blood gases were measured during the experiments and Po 2 was maintained above 100 mm Hg and Pco 2 between 30 and 40 mm Hg by adjusting the Oj and CO 2 content of the inspired gas mixture. The pH was kept between 7.3 and 7.4 by adjusting the rate of intravenous infusion of a solution of NaHCO 3 .
CONTROL OF VARIABLES
MAP was controlled by regulating the air pressure in a closed blood reservoir connected directly to the dog's arterial vascular bed via the catherers in the femoral arteries. Air from a high pressure source was connected to the top of the reservoir and permitted to leak out through a servo-controlled resistance valve. Figure 1 shows that despite a large range of aortic flows, the servo system maintained good control (± 2.5%) over the MAP.
To control MRAP, a roller pump (Sarns model 5M6002) was placed between the arterial reservoir and the femoral venous catheters. Infusion of blood by this pump from the reservoir into the inferior vena cava resulted in an increase in MRAP without a significant change in the instantaneous wave form of the right atrial pressure. Conversely, transfer of blood from the vein to the reservoir decreased MRAP.
The pump was servo-controlled by the difference between the actual MRAP and the command signal. The latter was a slow triangular wave superimposed on a dc bias voltage. By this method, we obtained a linear increase in MRAP of about 5 mm Hg followed by a similar linear decrease at a desired rate of change (Fig. 1 ). The constancy of the rate of both the increase and decrease in MRAP was checked by linear regression analysis; the regression coefficients were greater than 0.95.
Initial experiments indicated that the slope of the curves describing the MRAP-AF relationship was dependent on the rate at which MRAP was changed. Figure 2 shows the results of an experiment performed to determine the fastest rate of change in MRAP for which the cardiac function curves would be minimally affected. MAP and ISP were maintained constant while the MRAP ramp period was changed from 30 minutes (run 2) to 4 minutes (run 3) and then to 8 minutes (run 5). Runs 2 and 5 exhibit a small hysteresis as opposed to the large hysteresis loop exhibited for run 3. The mean curve of the MRAP-AF relation from the data on increasing and decreasing MRAP for run 3 had a considerably smaller slope and was shifted to the right of the other two mean curves. Based on this preliminary experiment it was decided to change MRAP at a rate of about 0.7 mm Hg/min. In 65 experimental runs in 14 dogs, the average rate of increasing MRAP was 0.642 ± 0.033 mm Hg/min and the average rate of decreasing MRAP was -0.75 ± 0.053 mm Hg/min. Throughout all experimental runs, particular attention was paid to the diastolic level of the AF signal. If the diastolic level changed, the flow meter was adjusted to bring it back to the control level. This adjustment was critical because when the instantaneous AF signal was averaged by a passive, low pass filter circuit (time constant = 4 seconds) and amplified, even a barely observable shift in the baseline of the instantaneous signal caused a significant change in the mean signal. In one-third of the dogs, the accuracy of the mean AF thus determined was tested by comparing it against AF which was computed as a product of heart rate and stroke volume from the instantaneous AF signals stored on digital tape. In the latter case, stroke volume was integrated from the instantaneous AF signal by a computer independently of any drift of the diastolic portion of the flow signal. The comparison showed no significant difference between the two flow measurements.
EXPERIMENTAL PROTOCOL
On completion of surgery, about 1 liter of perfusate from the reservoir was transfused into the dog and mixed with the dog's blood. The same amount was withdrawn back into the reservoir. The perfusate was a 2:1 mixture of dextran 75 (Abbott) and normal saline buffered with NaHCO 3 at a pH of 7.4. By this procedure, hematocru was decreased from 40-45% to 25-30%. The effects of this change in hematocrit, and of the presence of the large venous catheters in the inferior vena cava, on the measured reflex responses were checked in a separate experiment. No significant differences were observed between the reflex responses before and after the hemodilution or catheter insertion. A steady state condition was reached in a matter of a few minutes after the VOL. 38 mixing but approximately half an hour was allowed before beginning the experimental protocol. ISP Run. After recording the steady state control levels of MRAP, ESP, ISP, MAP, and AF, the viability of the carotid sinus baroreceptor reflex was checked by introducing step changes in ISP. The steps were 25 mm Hg in magnitude and in the range between 50 and 175 mm Hg. When the maximum reflex response in MAP to these ISP changes was less than 5 mm Hg, the vagi were cut and the protocol was repeated. If the MAP response still was small, this was taken as an indication that the sinus nerves had been damaged during the isolation procedure and the experiment was discontinued.
Cardiac Function Run. With ISP set at 75, 100, 125, or 150 mm Hg, MRAP was slowly increased and decreased in a ramp fashion while MAP was fixed at a constant level. The mean value of MAP in 14 dogs with intact vagus nerves was 100.0 ± 2.18 mm Hg and, in 13 dogs in which the vagosympathetic trunks had been severed bilaterally in the neck, it was 102.0 ± 2.62 mm Hg. Seven of these dogs were studied both before and after vagotomy. The order of the four levels of ISP was randomized among dogs to avoid any possible systematic error caused by deterioration of the preparation with time.
FLOW PROBE CALIBRATION IN VIVO
The AF signal was calibrated in vivo at the end of the experiment by opening the chest and inserting a perfusion pump between the caval veins and the right atrium. A calibration curve was obtained by changing the pump flow (typically from 30 to 150 ml/min per kg of body wt while maintaining the MAP at the same value as that which existed during the experimental run (later we refer to this pressure as the "control" aortic pressure).
Despite the chronic implantation of the flow probe, a mild dependence of the mean flow signal on MAP was observed. This finding was quantified in 11 dogs by changing MAP from 50 to 175 mm Hg while keeping now constant (80.19 ± 7.16 ml/min per kg of body wt). The mean change in the apparent flow value was ±9% per ±25 mm Hg change in MAP from the control aortic pressure. Because MAP was allowed to change during the ISP runs, the values for AF were corrected by use of individual data on the pressure dependence of the (low signal for each flow probe.
Results
Shown in the left panel of Figure 1 is an experimental record illustrating the triangular change in MRAP (also in mean left atrial pressure, MLAP) and the resultant changes in AF. The plot in the upper right hand corner shows the Starling curve determined from this experimental run. The fast recording in the lower right corner indicates that the AF signal was stable and free of noise.
The averaged overall open loop gain of the carotid sinus reflex (AMAP/AISP) is shown in Figure 3 . Dogs with intact vagus nerves showed the largest reflex gains over the ISP range from 100 to 150 mm Hg and a mean maximum value of 0.79 ± 0.14 occurred between 125 and 150 mm Hg. In contrast, the mean maximum reflex gain for the vagotomized dogs was 1.08 ± 0.11 and this occurred over an ISP range from 100 to 125 mm Hg. The differences in gain values between the two states of innervation were significantly different (/> < 0.02) only in the ISP regions from 75 to 100 mm Hg and 100 to 125 mm Hg. In other regions there was no significant statistical difference (P < 0.5). vagus nerves. The abscissa represents a normalized MRAP; the bar over the letters designates the normalization. In each experiment, the P l o o value was the MRAP for which the value of AF was 100 ml/min per kg at an ISP of 75 mm Hg. All the MRAP values for individual dogs were expressed as differences from their respective P 100 values. The average P l o o value for these 14 dogs was -1.32 ± 0.36 mm Hg. It was not always possible to obtain data over the complete flow range and for all the four ISP values. Consequently, in this and similar plots, the data points represent means obtained from different numbers of dogs. Each dog, however, contributed only once to the overall determination of the AF value for each MRAP and ISP level. The range of the number of dogs contributing to the determination of each AF value is shown by different symbols.
The Starling curves at two different ISP values were statistically compared with one another by Student's /-test, modified for unequal sample sizes. 31 The test was performed at each MRAP value on the two sets of flow data. No statistically significant difference (P < 0.5) was found between the curves obtained for ISP = 75 mm Hg and ISP = 100 mm Hg. This was so over the whole range of MRAP, from -1 . 0 to +4.0 mm Hg. The data of these two curves were combined to form one curve and this will be referred to as the ISP = 75; 100 curve.
A comparison of the combined curve for ISP = 75; 100 mm Hg and the curve for ISP = 125 mm Hg showed a significant difference (P < 0.001 to P < 0.05) over the VOL. 38 Figure 5 shows the dependence of the Starling curves on carotid sinus pressure determined in 13 vagotomized dogs (average weight = 23.12 ± 0.57 kg). The average P l o o value was -1.73 ± 0.26 mm Hg. As observed for the dogs with vagus nerves intact, there was no significant difference between the ISP curves for ISP = 75 mm Hg and ISP = 100 mm Hg. Therefore, these curves were combined into one composite curve. A comparison of this curve with the ISP = 125 mm Hg curve showed that they were significantly different (P < 0.01 to P < 0.05) over the range of MRAP from -0.5 to +4.5 mm Hg. Similarly, the curves for ISP = 125 mm Hg and ISP = 150 mm Hg were significantly different (P < 0.01 to P < 0.05) over the same MRAP range. The difference between the curves for ISP = 75; 100 mm Hg and ISP = 150 mm Hg was highly significant (P < 0.001) over most of the MRAP range.
The dashed lines through the ISP = 125 mm Hg data in Figure 6 compares the steady state percent changes in AF :aused by changes in ISP when MRAP and MAP were illowed to change reflexly (dotted line) against those :hanges in AF when these pressures were controlled (solid ine). Panel A presents data from dogs with intact vagosym->athetic trunks, whereas the data presented in panel B were )btained from vagotomized dogs. Using the curves for ISP = 125 mm Hg in Figures 4 and 5 as the 100% flow curve, the )ercent deviation from it of the curves obtained for both the [SP = 75; 100 and ISP = 150 mm Hg were determined for :very MRAP. The percentile deviations over the entire ange of MRAP values were then averaged.
Discussion
Sarnoff et al. 3 claimed that the relationship of external ;troke work to end-diastolic pressure (or volume) of the ventricle uniquely characterized its contractile state and herefore should be considered as the ventricular function :urve. They described the effect of the carotid sinus )aroreceptor reflex on the heart in terms of a shift of this function curve. Since then it has been documented that such a representation of ventricular performance is not a unique characterization of the cardiac contractile state. 32 " 35 For instance, Sonnenblick and Downing 32 clearly illustrated that MAP is as much a determinant of ventricular external work output as is end-diastolic ventricular volume. In the study by Sarnoff et al., MAP changed and consequently one cannot distinguish the direct reflex changes in external stroke work from its indirect change caused by the alteration in MAP. More recent studies 6 -8 -12 -"• 15 -17 attempt to describe the reflex modification of cardiac contractility in terms of changes of other indices. Unfortunately, one cannot quantitatively translate the data on the reflex changes in these indices into changes in cardiac output.
Because of the complex characteristics of the response of the heart to afterload, a satisfactory representation of its pumping ability requires a detailed description of the relationship between cardiac output and the hydraulic loads. 30 When the right and left sides of the heart are lumped into a single compartment which includes the pulmonary vascular bed, as in the present study, the need for an extensive description is even more obvious. MRAP was chosen as a gross measure of the load at the inflow side of the heart and MAP as a gross measure of the load at the outflow side. The experimental design treated the heart-lung compartment as a flow generator and the curves in Figures 4 and 5 present the carotid sinus reflex as a parametric controller of it. An obvious limit of the present study is that MAP was fixed only at a single level in most experiments.
In three dogs we measured AF as a function of both MAP and MRAP under different ISP's ( Fig. 7) . Although the studied ranges of MAP and ISP were limited, the flow surface was elevated by the decrease in ISP as one would expect. This indicates that the flow-generating ability of the heart-lung compartment is enhanced over the various combinations of inflow and outflow load. However, the exact parametric effect of ISP on the shape of the AF surface was impossible to quantify from this small amount of data.
A single third-order polynomial in MRAP multiplied by a function of ISP fit the data for each innervation state. Qualitatively, this indicates that the carotid sinus reflex changed not only the slope but also the position of the AF-MRAP relation curve. These results support the conceptual cardiac function curves that Guyton 36 describes in his textbook for high, normal, and low sympathetic drives.
Bishop et al. 37 -39 determined cardiac output as a function of MRAP in conscious dogs by quickly infusing large amounts of Tyrode's solution. They found that the slope of the cardiac output curve and its extrapolated intercept with the MRAP axis could not be reproduced consistently in the same dogs on different days, but the plateau of the curve was consistent and reproducible. There are three possible factors which could have contributed to the poor reproducibility of the slope and intercept parameters: (1) spontaneous fluctuations in the control signals to the heart from the central nervous system, (2) variations in ventilation which cause variations in transmural ventricular pressure, and (3) an excessively rapid infusion rate of Tyrode's solution (which we estimate from the Figures 1 and 2 in their paper 37 as being a change in MRAP of 2-10 mm Hg/min). The first two factors were largely absent in the present experiment because of the anesthesia and we avoided the last factor because our preliminary study indicated that any infusion rate which increased MRAP by more than 1.0 mm Hg/min caused unstable responses of the heart with an excessively large hysteresis loop. If one merely wants to characterize the contractile state of the heart, the plateau of the AF-MRAP relation may be one of the more exact indices. However, the present experiments show that the reflex change in the pumping capability of the heart-lung compartment can be quantified in a nearly normal region of MRAP by the slow rate of infusion, at least in anesthetized dogs.
The determination by Bishop et al. 37 -39 of the cardiac function curves for conscious dogs also includes the effects of (I) an increase in aortic pressure afterload (+11 ± 2.85 mm Hg) and (2) the suppression of cardiac contractility by the arterial baroreceptor reflex. Probably because of these effects, the slope of their mean cardiac output curve (linearized over a 4 mm Hg increase of MRAP from the resting value) is about 25 ml/min per kg per I mm Hg change in MRAP. This value is only about 70% of the mean linearized slope of 35 ml/min per kg per 1 mm Hg change in MRAP in the present experiment (with ISP at 125 mm Hg). In our experiments, the influence of the aortic arch baroreceptor reflex was practically nonexistent, since MAP was controlled by the servo system within ±2.5 mm Hg except during the ISP runs. However, both the present experiments and those of Bishop et al. 37 -3S allowed the mechanoreceptor and chemoreceptor reflexes from the venoatrial, ventricular, and pulmonary vascular regions to modify the cardiovascular system. The significance of these reflexes could not be determined in our experiments, al-though we feel that the effects were negligible based on the comparison of the data before and after vagotomy (Figs. 4 and 5) .
In a recent study on conscious dogs, Vatner et al. 28 concluded that the carotid sinus reflex modified the inotropic state of the left ventricle only to a small degree. They further concluded that this small modification was masked by the more powerful systemic vascular effects. Our results (Fig. 6 ) certainly agree with this latter conclusion. However, when reflex changes in the vessels were prevented, a significant reflex modification of the flow-generating capability was observed. Our results support the view of Iriuchijima et al.J 0 who conducted carotid artery occlusion studies on anesthetized dogs and concluded that the reflex enhanced the cardiac contractility just enough to maintain cardiac output constant in the face of an increased afterload pressure.
Whether or not these findings apply to unanesthetized dogs, which have a greater basal parasympathetic activity, remains to be further investigated. The present study offers a basis for such a future study. 
Effects of Chronic Anemia on the Coronary and Coronary Collateral Vasculature in Dogs
SUMMARY
We compared coronary resistances and collateral (retrograde) flows for a group of normal dogs (hematocrit 40) to values for a group of dogs with severe chronic anemia (hematocrit 17). We used an isolated heart preparation in which the vessels were maximally dilated by dipyridamole. All data were compared for a hematocrit of 40. The results showed a significant decrease in coronary resistances with anemia; average resistances ( ± S E ) of the anterior descending, circumflex, and right coronary arteries of the control dogs were 1.04 ± 0.09,0.74 ± 0.01, and 2.63 ± 0.17 mm Hg/ [(ml/min)/100 g], respectively, and 0.6 ± 0.04,0.41 ± 0.05, and 1.17 ± 0.15 for the anemic dogs. Average coronary collateral flows increased in anemia but statistical significance could not be shown. We conclude that increased vascularity is a long-term regulatory mechanism in response to a hypoxic stimulus.
AN INCREASE in coronary blood flow in chronic anemia
has been well documented. 1 " 4 However, whether the increased flow is caused by decreased blood viscosity per se, by changes in vascular tone, or by an increase in vascularity has not been clearly established. It is well known that coronary vasodilation occurs when the oxygen carrying capacity of blood is lowered. 5 Anemia decreases the oxygen reserve and this can lead to a hypoxic state when the metabolic demands of the heart increase. Hypoxia also is considered to be a stimulus for vascular growth, and increased coronary flow could be the result of proliferation of the coronary vasculature. A number of studies also have suggested that there is an increase in intercoronary collateralization in anemia. 6 ' 9 Most of these studies have been based on anatomical observations and used an arbitrary grading system. Eckstein, 10 however, compared retrograde flows in severely anemic and normal dogs and found a significant increase in intercoronary collateral flows with anemia.
Here we have studied the effects of chronic anemia on both the coronary and collateral vasculature in the same heart. The effect of viscosity on resistance was controlled by perfusing all hearts with blood of approximately normal hematocrit. In order to best control extrinsic factors acting on the heart, an isolated heart preparation was used. The experiments were conducted during maximum vasodilation to determine the magnitude of increased vascularity that resulted from anemia.
Methods
We used 26 young adult male mongrel dogs weighing between 15 and 18 kg; 16 served as control and 10 as
